Inherited bone marrow failure syndromes (IBMFS) are rare cancer predisposition syndromes with an especially high risk of transformation to myelodysplastic syndrome (MDS) and/or acute myeloid leukemia (AML). We performed a retrospective systematic review of reported MDS/AML arising in the eight most common IBMFS to determine the frequency and outcome of chromosome 7 abnormalities. We identified 738 MDS/AML cases of 4,293 individuals. Monosomy 7 or del (7q) occurred in ∼17%. Greater understanding of the roles played by sequential acquisition of genetic and cytogenetic changes will provide insights into myeloid leukemogenesis and improve the surveillance and hopefully outcomes for individuals with IBMFS.
INTRODUCTION
Inherited bone marrow failure syndromes (IBMFS) are a heterogeneous set of rare genetic disorders that are characterized by inadequate blood cell production. The recognition of IBMFS is dependent upon the patient's characteristic clinical, physical, and hematologic findings and confirmed by genetic testing. 1 The accurate diagnoses of these disorders can be challenging due to a wide spectrum of clinical expression and overlap. The natural course of the IBMFS frequently involves progression to myelodysplastic syndrome (MDS) and/or acute myeloid leukemia (AML) through clonal evolution. In some cases, MDS/AML may even be the first presenting signs of a patient with IBMFS. 2 The complete loss of chromosome 7 (-7) or its long arm (del(7q)) is one of the more common cytogenetic abnormalities in pediatric and adult myeloid malignancies. -7/del (7q) occurs as either a simple or complex cytogenetic abnormality. Furthermore, analysis of MDS/AML patient outcomes suggests that -7/del (7q) carries a poorer prognosis compared to other cytogenetic abnormalities. 3, 4 The goal of this systematic review was to determine the incidence and outcome of -7/del Abbreviations: AML, acute myeloid leukemia; IBMFS, inherited bone marrow failure syndromes; MDS, myelodysplastic syndrome (7q) among patients with the most common of the rare IBMFS. Assessment of the frequency of 7/del (7q) with specific IBMFS may provide insight into their transformation to secondary MDS/AML and improve surveillance and outcomes through earlier detection and intervention for individuals with IBMFS.
METHODS
This retrospective systematic review of literature is reported in accordance with the guidelines set forth by the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement (http://www.prisma-statement.org). We included patients of all ages, but carefully noted the age of diagnosis as reported.
The eight most common IBMFS examined were: Fanconi anemia, Shwachman-Diamond syndrome, GATA2 deficiency, dyskeratosis congenita, Diamond-Blackfan anemia, familial platelet disorder, congenital amegakaryocytic thrombocytopenia, and severe congenital neutropenia.
We performed a search on PubMed/MEDLINE from January 1957 to September 2016 by using combined disease-specific terms (underlying bone marrow failure syndrome) and outcomespecific terms using the following algorithm: ( 
RESULTS
We identified 2,142 articles retrieved by our initial search. After eliminating titles and abstracts that were laboratory research only or did 
Severe congenital neutropenia
A total of 934 patients with severe congenital neutropenia were reported in 31 articles. Their age of diagnosis ranged from birth to 13 years of age; 11 and 8% progressed to MDS and AML (Tables 1 and 2 (Tables 3 and 4 ). The most reported cause of death was infection and sepsis.
Fanconi anemia
A total of 932 patients with Fanconi anemia were identified in 34 articles. Their age at diagnosis ranged from 21 months to 42 years; 21% of patients with Fanconi anemia developed MDS (Table 1) , while 14% developed AML (Table 2 ). Approximately 13% of MDS cases involved chromosome 7 abnormalities. Specifically, 11% involved isolated loss of chromosome 7. The next most frequent abnormality involved chromosome 3 (6%). Approximately 16% of AML cases involved chromosome 7; the next most frequently involved was chromosome 1 (13%).
Our review also found that 2.5% of all reported Fanconi anemia cases harbored monosomy 7 without the development of MDS or AML.
Death occurred in 66% of Fanconi anemia patients with MDS and 53% with AML ( 
Diamond-Blackfan anemia
A total of 766 patients were identified as Diamond-Blackfan anemia in seven articles; 0.5% and 0.4% of patients with Diamond-Blackfan anemia went on to develop MDS and AML (Tables 1 and 2 ), respectively.
No chromosome abnormalities, including monosomy 7, were reported.
Death occurred in 33% of Diamond-Blackfan anemia patients with MDS and 100% with AML (Tables 3 and 4 ). The reported causes of death were progressive/metastatic disease in the setting of hematologic and solid tumors and sepsis. In some cases, the cause of death was unknown.
Dyskeratosis congenita
A total of 618 patients were identified with dyskeratosis congenita as their underlying bone marrow failure syndrome in nine articles. Their age of diagnosis ranged from 3 to 61 years of age; 3% of patients developed MDS, and 12% of these patients exhibited isolated monosomy 7 (Table 1 ). Only one case of dyskeratosis congenita transforming to AML was reported (Table 2) . No cytogenetic abnormalities besides chromosome 7 were indicated. No deaths were reported among the dyskeratosis congenita patients.
Shwachman-Diamond syndrome
A total of 581 patients were identified as having Shwachman-Diamond syndrome in 37 articles. The age of diagnosis ranged from birth to 37 years of age; 11 and 12% of Shwachman-Diamond syndrome patients developed MDS or AML, respectively (Tables 1 and 2 (Tables 3 and 4 ).
Congenital amegakaryocytic thrombocytopenia
A total of 171 patients exhibited congenital megakaryocytic thrombocytopenia as their underlying bone marrow failure syndrome. Their age of diagnosis ranged from birth to 4 years of age. Based on the data from 48 articles, only one and two cases of MDS (Table 1) and AML (Table 2) were reported, respectively. No cytogenetic abnormalities involving chromosome 7 were reported. Small number of patients was reported, with only two who developed AML and both died.
Causes of death included hemorrhagic complications and bone marrow transplant-related deaths.
GATA2 deficiency
A total of 226 patients possessed GATA2 deficiency in 14 articles. Their age of diagnosis ranged from 4 to 76 years of age; 53.5% of patients with GATA2 deficiency developed MDS while 16% developed AML;
20% of MDS and 39% of AML cases involved chromosome 7. Death occurred in 20% of GATA2 deficiency patients with MDS and 68% with AML (Tables 3 and 4 ). Wlodarski et al. studied a cohort of 508 children diagnosed with either primary MDS or MDS secondary to chemotherapy, radiation therapy, or to acquired aplastic anemia 5 ; 7% of patients with primary MDS were found to have a GATA2 mutation, in contrast with children with secondary MDS none of whom harbored GATA2 mutations. Monosomy 7 was identified in 70% of these patients with GATA2 mutations.
Familial platelet disorder
A total of 65 patients with familial platelet disorder were identified in eight articles. Age of diagnosis of familial platelet disorder ranged from birth to 30 years old; 95% of these cases exhibited a RUNX1 mutation (data not shown); 23 and 13% of familial platelet disorder cases developed MDS (Table 1) or AML (Table 2) , respectively. Chromosome 7 abnormalities were once again most recurrent; 20 and 5.3% of MDS and AML cases exhibited chromosome 7 abnormalities, respectively.
Death occurred in 30% of familial platelet disorder patients with MDS and 82% with AML (Tables 3 and 4 ).
DISCUSSION
Chromosome 7 abnormalities were the most common recurrent cytogenetic abnormalities found in individuals with IBMFS that transformed to MDS/AML. -7/del (7q) occurred in 17% of cases that evolved to MDS or AML. The next most recurrent cytogenetic abnormality involved chromosome 3 and chromosome 1. In IBMFS that evolved to AML, survival outcome was less than 50%, indicating that this form of secondary AML is lethal. These outcomes may be underreported, as survival outcome data for IBMFS were collected from studies that had variable lengths of follow-up.
We hypothesized that greater insights into the biology of MDS may be gained by determining the association between -7/del (7q) and the IBMFS. We systematically reviewed published reports on the frequency of progression of the eight most common IBMFS to MDS/AML and the frequency of -7/del (7q). While the IBMFS have been long recognized clinically, an emerging concept is that they comprise genetically defined pathways fundamental to cellular physiology. 6 The IBMFS are also recognized as MDS/AML predisposition syndromes. 7 In dis- The classification and prognostic scoring of MDS is biased toward adult MDS genetics and natural history as the average age of onset is 70 years. 9 Cytogenetic abnormalities contribute to enhanced classification schemes, including those applied to pediatric populations, 10, 11 as well as to provide prognosis. Since the initial association of chromosome 7 abnormalities with myeloid malignancies by Freireich in 1964, 12 -7/del (7q) has been recognized to confer a poorer prognosis. [13] [14] [15] [16] Isolated monosomy 7 may reflect its own unique disease process in adult MDS patients. 17 The humans. 20 The regulation of telomere length may also be associated with the pathogenesis of -7/del (7q). Telomeres are repetitive, noncoding sequences of DNA at the ends of the chromosomes that shorten with each progressive eukaryotic cell division. Cell cycle arrest, senescence, and apoptosis can occur when telomere attrition limit has been achieved. It has been shown that telomere attrition along with somatic mutation precede monosomy 7 and the accumulation of short telomeres gives rise to aneuploidy, which may lead to the progression of MDS/AML in patients with severe aplastic anemia. 21 On the other hand, it has also been argued that the regulation of telomere length occurs because of oncogenic mutations already existing in MDS patients. 22 Our third aim was to evaluate the survival outcomes of patients who developed MDS/AML. Patients with Fanconi anemia had the worst survival outcome. The majority of patients with Fanconi anemia who developed MDS or AML were deceased. This result may be affected by the difference in follow-up time in each study. Looking through the MDS/AML case series for bone marrow failure patients, we found that majority of those who had poor survival outcomes were associated with chromosome 7 abnormalities. This is consistent with the view that -7/del(7q) carries poor prognosis in patients with secondary MDS/AML. 23 No statistical analysis or meta-analysis could be done due to high frequency of case reports. There were also missing data for each variable and the retrospective design implicated biases. In addition, we have collected data from case reports that are not ideal source of epidemiologic data, but are often necessary when looking at rare disease. Aside from the inherent publication, selection and reporting bias within the articles examined, our study exhibits ascertainment bias in excluding articles that involved primary MDS/AML with chromosome 7 involvement. Foundation. This article is dedicated to Bob Arceci; may his memory be a blessing.
